SYNOPSIS. Past findings have established how the faster growth, greater reproductive output and/or longer survival that are associated with heterosis and genomic diversity measured as multi-locus heterozygosity stem from slower intensities with which proteins are renewed and replaced (=protein turnover). Slower turnover results in lower energy requirements and reduced metabolic sensitivity to environmental change, representing a mechanistic basis for evolutionary consequences of genetic polymorphism. To determine the genetic and functional basis of differences in whole-body protein turnover, we have begun to resolve different proteolytic pathways, searching for genetic polymorphisms with a direct effect upon proteolysis, and assessing the metabolic and physiological consequences of those genetic influences in the mussel Mytilus edulis. Our recent work has established the physiological importance of lysosomal enzymes under normal conditions of basal proteolysis, and shown that associated effects on energy flux may vary according to functional differences between separate enzymes. Data are presented here which compare metabolic consequences of polymorphism in the lysosomal aminopeptidases Lap-1 and Lap-2. Findings establish that metabolic and phenotypic effects of genetic polymorphism result directly from genetic variation at the loci coding for these peptidases, rather than from linked loci. They also illustrate the complexity of interrelations that ultimately influence the evolutionary consequences of genomic diversity, including associated influences of both Lap-1 and Lap-2 on energy requirements and animal condition. We impress that energy requirements for protein turnover may represent a functional basis for epistasis, including associations whereby advantages of genetic polymorphism are greatest at loci that code for enzymes acting in both protein catabolism and energy provision.
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gosity confirm the physiological and evolutionary benefits of genomic diversity. Yet considerable uncertainty remains concerning the genetic and metabolic interrelations which underly those benefits. It is increasingly realised that benefits are not due to genetic polymorphism per se, for many highly polymorphic enzymes do not contribute to measured effects (Watt, 1985; Koehn et al, 1988; Pogson and Zouros, 1994) . Therefore, the focus of interest has moved more towards identifying loci with significant influences {e.g., Powers et al, 1986) , and to resolving the genetic and metabolic interrelations that underlie associated phenotype consequences. In particular, debate has continued whether advantages result directly from the studied loci, or whether those studied loci may be neutral markers of other causative loci (Koehn, 1990; Zouros, 1990; Zouros and Pogson, 1994) .
In this paper, we first review past findings which establish that genetic reductions in the intensity of protein metabolism underly the phenotypic advantages of genetic polymorphism. Then, we present unpublished data from the mussel Mytilus edulis which establish how genetic polymorphisms at two aminopeptidase loci have direct influences on protein metabolism, including associated influences on energy flux and animal condition.
THE MEANS BY WHICH PROTEIN METABOLISM LINKS GENETIC POLYMORPHISM WITH PHYSIOLOGICAL AND EVOLUTIONARY CONSEQUENCES

Whole-body protein turnover
Protein metabolism is comprised of the separate continuous processes of both protein synthesis and protein breakdown. In eukaryotes, a greater proportion of total protein synthesis may effect turnover than net deposition, protein turnover being defined as the renewal or replacement of cellular proteins (Hawkins, 1991) . Although such intense proteolysis may seem wasteful, protein turnover is an essential component of metabolism, providing the metabolic flux that enables repair, sanitation, regulation, development and adaptation (Hawkins, 1991) . However, due as much to the costs of regulating proteolytic processes as to the costs of associated synthesis, protein turnover is an expensive process {e.g., Waterlow et al., 1978; Hawkins, 1991) . Energy costs associated with protein turnover play a clear role in determining the physiological and evolutionary consequences of genetic polymorphism. Whether in natural populations, in response to selection, or following genetic manipulation, reduced whole-body protein turnover consistently underlies lower energy expenditure and higher growth efficiencies (net energy balance per unit of energy absorbed) (for a review, see Hawkins and Day, 1996 ; and recent work of Hedgecock et al., 1996; Bayne and Hawkins, 1997) . In turn, slower protein turnover, lower energy expenditure and/or higher growth efficiencies have been shown to represent the metabolic basis of positive associations between growth and multi-locus heterozygosity in shellfish (Koehn and Shumway, 1982; Garton et al., 1984; Diehl et al., 1986; Hawkins et al., 1986 Hawkins et al., , 1989a Hawkins et al., , 1994 Hedgecock et al., 1996; Toro et al, 1996) , finfish (Danzmann et al., 1987) and salamanders (Mitton et al, 1986) .
In addition to growing faster under nearoptimal circumstances, multi-locus heterozygotes appear generally advantaged under stressful conditions. Given constant stress when metabolizable energy is either limited by anoxia, the inhibition of feeding processes or reduced food availability, heterozygotes perform better by virtue of their lower energy requirements, which help to minimise net energy losses (for reviews, see Hawkins, 1995 Hawkins, , 1996 Hawkins, , 1997 . Given fluctuating conditions, faster intensities of protein turnover and greater energy requirements in less heterozygous individuals may result in amplified metabolic responses (Hawkins et al, 1987) and reduced "scope for activity" (Koehn and Bayne, 1989) . Consequences include a restricted environmental range over which net production may be maintained, a relative inability to capitalize upon favourable conditions, greater physiological variability, greater phenotypic variance, higher integrated energy costs incurred during periods of metabolic compensation, and reduced viability upon exposure to extreme conditions (Haw-kins, 1995 (Haw-kins, , 1996 . These consequences comprise the basis upon which natural selection can act, and underly ecogeographical associations indicating that protein polymorphism results in part from a balance of selective forces stemming from ecological and/or environmental heterogeneity (refer Introduction).
The above findings illustrate how differences in protein turnover underlie effects of heterozygosity, including heterosis for growth and survival, and represent a mechanistic basis for evolutionary consequences of genetic polymorphism. More recently, the challenge has been to determine the genetic and metabolic basis of differences in whole-body protein turnover, including the functional consequences of those differences. Our work at Plymouth Marine Laboratory has begun to address these questions by resolving different proteolytic pathways that effect protein turnover, searching for genetic polymorphisms with a direct effect upon those proteolytic pathways, and assessing the metabolic and physiological consequences of those genetic influences.
Proteolytic pathways
Proteolysis in eukaryotes is effected by a number of separate pathways that can be divided into cytosolic or lysosomal. The lysosomes contain a rich selection of proteolytic enzymes which effect the breakdown of endocytosed proteins and membrane proteins according to different processes that are both non-selective and selective (Dice et ai, 1994) . Cytosolic systems may be crudely divided according to (i) ATP-dependent processes that effect selective degradation following ubiquitin conjugation, such as for abnormal or surplus proteins, or during development and (ii) selective posttranslational maturation by Ca 2+ -dependent proteases and other proteins, that collectively act in various aspects of cellular regulation {e.g., Croall and DeMartino, 1991) .
The relative contributions of these pathways to normal and accelerated proteolysis remain largely unknown. However, the autophagic lysosomal route of proteolysis is thought to be important during normal states of degradation (Glaumann et al., 1985) . We have recently confirmed this in the marine mussel Mytilus edulis, maintained under low ration when an average of 90% of the products of protein breakdown were being recycled for protein turnover (Hawkins and Day, 1996) . Our findings establish that separate whole-body activities of the four main lysosomal proteases were statistically associated with 44% of the coincident variation in whole-body protein breakdown measured among 20 individuals. Moreover, stepwise multiple regression indicated that those same whole-body proteolyic activities were collectively associated with as much as 75% of the coincident variation in energy expenditure measured indirectly as oxygen uptake. Those associations were positive for activities of cathepsin B (P = 0.004), cathepsin D (P = 0.004) and the aminoacyl peptidase Lap-2 (P = 0.0002). Conversely, higher whole-body activities of cathepsin L occurred within mussels with lower energy expenditure (P = 0.01), evidently because this enzyme was mobilising energy reserves from storage tissues, thereby reducing the need for protein turnover in remaining tissues (Hawkins and Day, 1996) .
Although metabolic requirements for synthesis have traditionally been thought to dominate energy expenditure, as much as 30% of the empirical costs of protein deposition cannot be attributed to known synthetic processes (e.g., Hawkins et al., 1989&) . Our findings verify that a significant proportion of those unexplained costs may be associated with the proteolysis effecting protein turnover. They also establish that the physiological consequences of proteolysis may vary according to functional differences between separate proteolytic enzymes, when the relative balance between those enzymes is likely to prove a major determinant of growth efficiency and other performance traits.
Genetic variation of proteolytic enzymes
For these reasons, we suspect that genetic differences in protein metabolism will prove to be major influences upon ecogeographical distributions both within and between species. Work in the clinical sciences has established the role of proteolysis in disease, in developmental processes, and in the responses to diet and exercise (HopsuHavu et al., 1997) . But among animals generally, we are only aware of a single previous example illustrating direct metabolic or physiological consequences of genetic variation at loci coding for proteolytic enzymes. This example is for the lysosomal aminoacyl peptidase referred to as aminopeptidase-1 (Ap-1) (Young et al., 1979) or leucine aminopeptidase-2 (Lap-2) in marine mussels (Skibinski et al., 1983) , and which represents one of only a very few cases that unequivocably demonstrate the adaptive importance of genetic variation (Powers et al., 1986; Koehn and Hilbish, 1987 ; and refer Introduction). In the mussel Mytilus edulis, catalytic efficiencies of three common allozymes at this locus differ significantly (Koehn and Siebenaller, 1981) . Genotypes with the Lap-2 94 exhibit an average of 20% higher specific activity than those without the Lap-2 94 allele, resulting in faster adjustment and acclimation of the pool of free amino acids that is used to regulate cell volume in response to increased salinity (Koehn and Hilbish, 1987) . However, in response to reduced salinity, genotypes with the "94" allele excrete more amino acids and ammonia (Hilbish and Koehn, 1985a) , which may derive solely from the breakdown of tissue proteins (Hawkins and Hilbish, 1992) . Compared with individual M. edulis which do not possess the Lap-2 94 allele, sub-lethal effects of what may be small but frequent changes in salinity have been evidenced as seasonally reduced protein balances among mussels with the Lap-2 9i allele, resulting in significantly delayed gametogenesis and reduced output of gametes (Hilbish and Zimmerman, 1988) . Moreover, genetic adaptation has been confirmed by selection against the Lap-2 94 allele among post-larval M. edulis reared in the laboratory at low salinity (Beaumont et al., 1988) , as well as by widespread geographical correlations between environmental salinity and Lap-2 genotype in M. edulis and other mussel species from estuaries bordering Cape Cod (Koehn et al., 1976) , the Baltic Sea (Theisen, 1978) , southern California (Garthwaite, 1986) , Long Island Sound (Koehn and Hilbish, 1987) , Oregon (McDonald and Siebenaller, 1989) and Nova Scotia (Gartner-Kepkay et al., 1983) .
Our own work has investigated how genetic differences in the activities both of Lap-2 and a second polymorphic aminopeptidase known as peptidase II (Young et al., 1979) or Lap-1 (Skibinski et al, 1983) may influence protein metabolism and physiology in the mussel Mytilus edulis. To resolve influences of these different gene loci, we have utilised the established assay for Lap-2 (Young et al., 1979) , and have optimised a separate assay for the alanyl aminopeptidase Lap-1 which, together with Lap-2, acts to complete the lysosomal digestion of proteases. Working on purified aminopeptidase, Young et al. (1979) reported that only peptidase II (=Lap-l) activity was detected using an alanine-based substrate at pH of less than 5.0, while only aminopeptidase I (=Lap-2) activity was detected using a leucine-based substrate at pH of more than 8.0. Based on this earlier observation, our optimised assay conditions for Lap-1 utilised 20 mM L-alanine p naphthylamide as substrate in a buffer of 200 mM tris-malate at pH 5.0. Other details were the same as for Lap-2 (Young et al., 1979) , both assays being undertaken at 25°C. Specific activities were calculated as enzyme units per mg total protein, for which an enzyme unit was computed as that amount producing an increase of 1.0 absorbance unit min" 1 , and protein was determined according to Lowry et al. (1951) .
Using these assays, we have examined how different genotypes and activities for Lap-1 and Lap-2 affect both protein metabolism and energy metabolism, comparing the relative influences of these functionallyrelated peptidases under constant laboratory conditions. Our comparisons were made in two experiments during November 1993 and June 1994, both using between 38 and 46 Mytilus edulis of standard shell length (50 to 55 mm) from the Exe Estuary, England. To optimise genetic comparison, mussels used in June 1994 were selected to provide an approximately equal number of representives with (n = 20, of which only one was homozygous) and without (n = 26) the Lap-2 94 allele, as had been determined a year previously from biopsied samples (Day, in preparation). Before experimentation, all mussels were first acclimated to constant laboratory conditions over two weeks whilst fed the alga Isochrysis galbana at concentrations that were regulated between 5 and 10 X 10 3 cells ml" 3 in a system of recycled seawater that was maintained at natural temperatures (12.0 ± 1 . 0 and 15.0 ± 1.0°C, respectively) and salinities (32.0 ± 1.0 and 35.0 ± 1.0%o, respectively). Following acclimation, separate physiological components of the net balances for both energy and amino-nitrogen, together with rates of whole-body protein turnover, were measured using the stable isotope of nitrogen 15 N in each mussel according to Hawkins et al. (1989a) . All soft tissues were later excised for determinations of enzyme activity as described above, as well as of dry weight, protein content and genotype according to Hawkins et al. (1989.3.) In November 1993, the tissue distributions of Lap-1 and Lap-2 activity were very similar, with more than 70% of the wholeanimal activity for each enzyme in both the mantle and all other non-digestive tissues which we refer to as the "remainder" (Fig.  1) . The two most abundant alleles for Lap-1 were termed the " 9 " and "10" alleles (cf. Skibinski et al., 1983) . Comparison between individuals that were either heterozygous or homozygous for these "9" and "10" alleles indicated that there were significant genotype-dependent differences in Lap-1 activity within the mantle (f-ratio = 3.57, 2,37 df; P = 0.038) and remainder (fratio = 3.73, 2,34 df; P = 0.034), but not in the digestive gland alone (P > 0.05), as is consistent with the observation that most Lap-1 activity occurred within non-digestive tissues. Averaged for all tissues within each whole mussel, Lap-1 activity per mg whole-body protein among mussels that were homozygous for the " 9 " allele was significantly lower than among mussels that were homozygous for the "10" allele (t value = 2.76, df = 19, P = 0.012), but was statistically similar to heterozygotes with both alleles (f value = 1.93, df = 18, P = 0.069) (Fig. 2) . Therefore, there was no evidence for functional intermediacy in the specific activity of Lap-1 heterozygotes, despite theoretical expections for such intermediacy as have been confirmed at other polymorphic loci (e.g., Koehn, 1969; Kacser and Burns, 1981) . Katoh and Foltz (1989) presented evidence that a null activity allele contributed to a similar lack of functional intermediacy among heterozygotes for Lap-2 in the oyster Crassostrea virginica. However, there was apparent overdominance for Lap-2 activity in C. virginica (Katoh and Foltz, 1989; Sarver et al., 1992) , whereas average Lap-1 activity observed here in heterozygous M. edulis was similar to that in homozygotes possessing the Lap-1'° allele (Fig. 2) . Indeed, our data appear more as a possible example of dominance by the Lap-1 10 allele (Fig. 2) , as has been reported for the Lap-2 9 * allele in M. edulis (Hilbish and Koehn, 1985Z?) . Also during November 1993, different Lap-1 activities per mg whole-body protein between our experimental mussels varied in positive relation with net ammonia loss (r = 0.39, n = 38, P = 0.017). Further, comparison of the same mussels using stepwise linear regression indicated that differences in both filtration rate (mg h" 1 ) and wholebody Lap-1 activity varied in separate significant relations with net protein balance, where a positive influence of filtration rate (=feeding rate) and a negative influence of Lap-1 activity were together associated Whole-body specific activity of Lap-1 (activity units mg"' total body protein min~') and whole body protein content (fraction of total dry soft tissue weight) in relation to Lap-1 genotype in Mytilus edulis during November 1993. Data are the average (±2 SE) of mussels that were either heterozygous for the two common 9 and 10 alleles (n = 18), homozgous for the 10 allele (n = 17), or homozygous for the 9 allele (n = 5).
with as much as 99% of the variance in net protein balance (r 2 = 0.99; 2,35 df; P < 0.0001). Given the function of Lap-1, which liberates amino acids from oligopeptides, then we can infer a mechanistic relation between Lap-1 activity and nitrogen excretion as observed here under constant laboratory conditions. There was no significant association between Lap-1 genotype and net ammonia loss, which should not be suprising, for excretion varies with other factors that include ration, past feeding history, and changing metabolic requirements for growth or reproduction (Hawkins and Bayne, 1992) . Instead, longer-term environmental consequences of genetic associations between Lap-1 activity and nitrogen loss were indicated by higher protein contents of individuals that were homozygous for the Lap-1 " 9 " allele (for which enzyme activity and thus nitrogen loss as ammonia were both lowest), compared with individuals that were homozygous for the "10" allele (t = -3.33, df = 21, P = 0.003) and heterozygotes with both alleles (t = -2.67, df = 20, P = 0.015) (Fig. 2) .
To summarize, during our experiment in November 1993, we recorded relations between Lap-1 genotype and whole-animal Lap-1 activity, between Lap-1 activity and both nitrogen loss and protein balance, and between Lap-1 genotype and body protein content. Collective findings therefore indicate a direct influence of Lap-1 genotype upon nitrogen losses and net protein balance. At this time of year, different wholeanimal Lap-2 activities varied in positive relations with both oxygen uptake (r = 0.44, n = 42, P = 0.003) and body protein content (r = 0.58, n = 42, P < 0.0001), but not with whole-body protein breakdown (=turnover) (r = 0.29, n = 39, P = 0.07), which was presumably effected to a greater degree by other proteolytic enzymes.
Alternatively, during June 1994, we observed clearer metabolic associations with whole-body activities of Lap-2, that varied in positive relations with whole-body protein turnover, net ammonia loss and oxygen uptake (=energy expenditure), and in negative relations with both body protein content and body condition (Fig. 3) . Mussels studied during June 1994 had been biopsied and selected for individuals with and without the Lap-2 94 allele (refer above). However, for possible reasons that are discussed within the Summary and Conclusions below, there was no discernible influence of the Lap-2 94 allele on any phenotypic measure (P > 0.05). And as only one mussel was homozygous for allele "9" at the Lap-1 locus, we were unable to resolve influences of Lap-1 genotype. Instead, we observed indirect consequences of Lap-1 activity, evidenced by a positive association with energy expenditure measured as oxygen uptake (r = 0.56, n = 40, P = 0.0002), which was on average more than double that previously recorded in November 1993 (14.9 ± 0.9 versus 6.4 ± 0.6 mmoles O 2 h ' per 280 mg total tissue protein, respectively). ), oxygen uptake (u,moles h~'), net ammonia loss (pinoles h"'), whole-body protein content (fraction of total dry soft tissue weight) and body condition (mg total dry soft tissue ml" 1 shell cavity volume) in relation to Lap-2 activity (activity units mg"' whole-body protein min"') in Mytilus eduhs during June 1994. All physiological rates were standardised for a mussel of 280 mg total dry body protein. Lines (±95% CL) were fitted by least squares.
As in November 1993, long-term effects of different Lap-1 activities and associated nitrogen losses were again indicated by a negative relation between whole-body Lap-1 activity and body protein content (r = 0.66, n = 40, P < 0.0001).
SUMMARY AND CONCLUSIONS
Numerous relations with multi-locus heterozygosity, including effects of heterosis, have established the adaptive value of genetic polymorphism in both constant and heterogenous environments. Moreover, we know that the faster growth, increased reproduction and/or longer survival that accompany increasing heterozygosity and heterosis stem from slower intensities with which proteins are renewed and replaced (=protein turnover). Reduced protein turnover results in lower energy requirements, decreased sensitivity to environmental change, greater potential for activity or growth, and higher growth efficiency. But there is limited value in measuring associations between animal performance and genetic polymorphism per se. Many loci do not contribute to those associations. A greater challenge is to identify the loci with significant influences, and to resolve the genetic and metabolic interrelations that underlie associated phenotype consequences. Those interrelations are central to understanding variation in growth and stress tolerance both within and between populations, including the functional value of programmes that may conserve and enhance genetic variability, with applied implications for genetic manipulation.
Our approach has been to investigate both the genetic/metabolic basis and physiological consequences of differences in protein turnover. We have established the physiological importance of lysosomal enzymes under normal conditions of basal proteolysis, and have illustrated how effects on energy flux may vary according to functional differences between separate enzymes. This confirms the value of resolving separate proteolytic pathways in analysing the metabolic basis of different performance traits such as growth efficiency. More recently, we have compared metabolic and phenotypic consequences associated with polymorphism at two loci coding for the lysosomal aminopeptidases Lap-1 and Lap-2.
Two main conclusions are of general significance. Firstly, our results convincingly establish that effects of genetic polymorphism may result directly from genetic variation at loci coding for proteolytic enzymes, rather than from linked loci. Different whole-body activities of Lap-1 between individual mussels were positively associated with net ammonia loss, and together with filtration rate were associated with 98% of net protein balance. A direct mechanistic relation with ammonia excretion is indicated by the function of this exopeptidase, which liberates amino acids from oligopeptides. Similarly, direct influences are indicated by the proteolytic function of Lap-2, for which differences in specific activity varied in positive relations with both whole-body protein turnover and net ammonia loss. We did not observe any metabolic or phenotypic differences between mussels with and without the Lap-2 9 * allele. However, unequivocal influences of genotype upon Lap-2 activity have previously been established in a more comprehensive study by Koehn and Immermann (1981; and refer above) . Some uncertainty remains over the genetic basis of effects at the Lap-2 locus in mussels. Hilbish and Koehn (1985*) concluded that the Lap-2 94 allele exhibits dominance over other alleles in all biochemical and physiological traits, with the result that individuals heterozygous for the "94" allele have almost identical phenotypes as compared with homozygotes for that allele. Alternatively, Beaumont et al. (1989) observed that heterozygotes outlived homozygotes with the "94" allele, indicating overdominance rather than dominance for survival of Lap-2 genotypes. Unfortunately, it was not possible to test for overdominance within our data set. The Lap-2 94 allele was present in less than 15% of mussels within our study population, as is consistent with previous work for other populations from the British Isles (Skibinski et al., 1983) . Although we were able to select approximately even numbers of mussels with and without the Lap-2 94 allele, only one of our selected experimental individuals was homozyous for that "94" allele.
Our second main conclusion stems from the observation that physiological consequences of genetic polymorphism at loci coding for proteolytic enzymes are both direct and associated. We have described direct effects upon protein turnover, nitrogen loss and tissue composition. Associated effects reflect significant energy costs of the regulation and synthesis that are both inherent to protein turnover, and which were evidenced here as differences in both oxygen uptake and body condition. These interrelations explain why associations between multiple-locus heterozygosity and growth have appeared clearest for loci that code for enzymes functioning in both protein catabolism or glycolysis, whilst other highly heterozygous loci may have no effect Diehl and Biesiot, 1994) . Heterozygosity in proteolytic enzymes may influence protein metabolism, whereas heterozygosity in glycolytic enzymes may reflect associated differences in the overall requirement for energy. The same may prove true for other enzymes that are involved in the provision of energy.
Although yet to be established, energy requirements for protein turnover may represent a functional basis for epistasis. It is also of interest that the closely-related mussels Mytilus edulis, M. galloprovincialis and M. trossulus are distinguished by allele frequency variations at loci within a linkage group that includes Lap-2, esterase-D (EsD), octopine dehydrogenase (Odh), mannose phosphate isomerase {Mpi) and possibly glucose phosphate isomerase (Gpi) (Beaumont, 1994) . Hilbish et al. (1994) reported that EsD and Odh cosegregrate with variations in feeding rate and growth rate, explaining most of the physiological differentiation that they observed between M. edulis and M. galloprovincialis. Their findings indicate that physiological differentiation between these two taxa may be controlled by a very few genes, and possibly only one (Hilbish et ai, 1994) . That variation is known to be of ecological significance, for M. edulis occupies temperate cold-water latitudes in Europe and North America, whereas M. galloprovincialis occurs in the warmer waters of the Mediterranean, with a zone of hybridisation that extends northwards as far as the United Kingdom (Gosling, 1992 ). Other than Lap-2, remaining enzymes within the above linkage group are each involved in the provision of energy. Therefore, it is possible that metabolic interdependence between protein turnover and energy flux represents part of the functional basis for adaptive physiological variation between these two taxa.
Finally, our findings and conclusions illustrate the complexity of interrelations that influence evolutionary advantages of genetic polymorphism. Genetic differences in protein turnover are at the root of these relations. Yet we must emphasize that proteolytic activity is also influenced by life-stage, the environment and physiological condition . This helps to explain why statistical associations between genotype and proteolysis or other metabolic traits may be weak as documented for Lap-1 here. More important, is to recognize that such small apparent influences often belie much greater biological significance, for very small changes in maintenance metabolism may have major cumulative impacts on lifetime growth and reproduction (Hawkins et al., 1989a) . Added complexity stems from indirect metabolic consequences, which vary at the same physiological level according to functional differences between separate proteolytic pathways. We are currently investigating the genetic basis and phenotypic consequences of variation in other proteolytic pathways. By these means, we expect to further resolve the molecular biological basis of heterosis effects, together with the metabolic and physiological consequences of specific genetic polymorphisms.
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